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Dynamic stability is the field of naval architecture, which analyses the stability of a ship and the onset of 
instability in encountering waves at sea. The study of dynamic stability aims to investigate the development of 
extreme roll motion and to find out if a ship is stable or unstable. This understanding leads to broad implications 
for the design and operation of ships and floating units. Researchers have an integrated notion of “ship stability, 
dynamics and safety” for investigating dynamic stability phenomena.  
In practice, the intact stability for design and operation is evaluated through static conditions, which does 
not account for the effect of waves and winds at sea. This long-standing issue has been addressed by the second 
generation of intact stability criteria (SGISC) proposed by IMO in recent years, which defines a set of failure 
modes associated with potentially dangerous dynamic stability phenomena in waves. These phenomena are 
declared as parametric roll, pure loss of stability, surf-riding and broaching, dead ship condition and excessive 
acceleration.   
Among those, roll resonance occurs because of two different phenomena of synchronous and parametric roll, 
where the encounter frequency is equal and two times the ship’s natural roll frequency, respectively. The 
parametric roll is most probable to arise in some types of ships like containerships in a head sea condition when 
the wavelength is approximately equal to the ship’s length. Whereas, all ship types may be subjected to the 
synchronous rolling in beam sea conditions. The roll resonance is a dangerous dynamic condition where a ship 
experiences an incremental roll angle, and in the worst scenario a large roll angle may capsize the ship. At the 
roll resonance condition, the magnitude of virtual roll moment of inertia is equal to the restoring moment but in 
the opposite direction, hence, they oppose each other and leave roll damping to resist the roll motion. Since the 
magnitude of roll damping is small for a typical ship, the external forces and moments induce a larger roll 
motion. 
The investigation of parametric roll and dead ship condition using experiments and CFD simulations are 
expensive in terms of cost and time, whereas equation-based methods with a reasonable level of accuracy can 
be more effective in terms of expenses. Equation-based methods consist of the virtual roll moment of inertia 
(roll mass moment of inertia and roll added mass moment of inertia), damping and restoring moment 
coefficients. Therefore, this research aims to quantify those coefficients and their variations in different 
conditions. This study increases our understanding of the ship’s dynamic stability by precisely calculating the 
roll hydrodynamic coefficients in calm water and regular beam sea conditions.  
A numerical method is adopted and validated against experimental model tests to investigate the influence 
of several parameters on the magnitude of roll hydrodynamic coefficients in calm water condition including 
degrees of freedom (DOF), Froude number, excitation frequency, scale effect and appendages. In the second 
phase of the study, numerical and experimental simulations are conducted in regular beam sea conditions and a 
good correlation is found between the results. Furthermore, the effects of different wave heights and frequencies 
on the roll hydrodynamic coefficients in a beam sea condition are investigated. 
This study introduces new methods of calculating the roll hydrodynamic coefficients including roll added 
mass moment of inertia, damping and restoring in calm water and regular beam sea conditions. These methods 
viii 
can be generalised for application on other ship types to extract hydrodynamic coefficients applicable to 
equation-based methods for the precise prediction of ship motions. The findings are extremely useful for ship 
designers and researchers, which contribute in several ways to the understanding of ship stability and provide a 
basis for considering dynamic behaviours in the operational limitations. 
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1 Chapter 1: Introduction 
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1.1 Background 
Ship stability can be categorised into static and dynamic conditions. Fulfilling the criteria of static stability 
is compulsory for existing ships, while, ships in the real sea experience dynamic conditions and having 
satisfactory static stability does not guarantee the safety of ships. On the other hand, plenty of ships have good 
dynamic stability, whereas they are penalised from carrying enough cargo due to passing static stability criteria 
marginally.  
Investigating the dynamic stability of ships in the intact condition is one of the popular research subjects in 
the field of naval architecture. Linear or weakly nonlinear approaches are probably accepted with a certain level 
of accuracy to investigate dynamic stability of ships; however, in the case of extreme sea conditions, which 
cause large amplitude motions (especially roll motion), a strong nonlinear approach is required. 
To address this gap, in the recent years, the Second Generation of Intact Stability Criteria (SGISC) was 
proposed by IMO, which defines a specific set of failure modes associated with potentially dangerous dynamic 
stability phenomena in waves. Those phenomena are parametric roll, pure loss of stability, surf-riding and 
broaching, dead ship condition, and excessive accelerations. The failure modes are strongly nonlinear, and the 
relevant criteria for ensuring sufficient safety levels require the main specification of the underlying nonlinear 
dynamics. Hence, five aforementioned failure modes of SGISC give permission for incorporating 
methodologies at various steps of sophistication, starting from simple methods up to the utilisation of more 
intricate nonlinear ship motions.  
A considerable number of papers have evaluated the dynamic of different failure modes and have represented 
feasible methodologies for addressing such failure at the design stage. However, the improvement by SGISC 
has expanded the ship stability evaluation to direct, semi-direct, and indirect approaches. With regard to SGISC, 
researchers are developing different approaches for the evolution of this framework to mitigate the hazard of 
these phenomena (Francescutto and Umeda, 2010, Umeda, 2013, Belenky et al., 2009). More progressive 
improvement of the situation has been achieved with regards to level 1 and level 2 of vulnerability criteria 
defined in SGISC for different failure modes. In this context, a number of researchers have considered time 
domain simulations for addressing parametric roll (Bulian et al., 2011, Peters et al., 2010), pure loss of stability 
(Peters et al., 2010), surf-riding and broaching (Umeda, 2013), dead-ship condition (Bulian et al., 2011), and 
excessive accelerations (Shigunov et al., 2011). In addition, sample estimations and conformity studies of 
accessible level 1 & 2 criteria have been performed. Several specific experimental simulations have been 
performed to verify the suggested numerical methods for being implemented in level 1 and level 2 criteria 
(Umeda et al., 2014). Special regard has been given to this topic using semi-direct approaches to assess dynamic 
stability to improve operational guidance; nevertheless, the interest is yet growing over time.  
Roll resonance occurs in parametric roll and dead ship condition where a ship experiences larger roll angle 
under relatively smaller roll exciting moments. The focus of this study is to investigate the motion characteristics 
of a ship close to the resonance condition. Direct investigation (experimental and CFD simulations) of resonance 
is expensive in terms of cost and time, and equation-based methods have been utilised in most of the studies in 
this area. However, these methods cannot predict ships motions reasonably accurate unless their hydrodynamic 
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coefficients, including the added mass moment of inertia, damping and restoring moments are derived 
accurately. Accurate calculation of the hydrodynamic coefficients can also improve the simulation of ship 
motions. The influence of several parameters such as frequency, appendages, Froude number, degrees of 
freedom (DOF) and wave characteristics, which have direct effect on the magnitude of hydrodynamic 
coefficients are required to be investigated.  
1.2 Research Questions 
In order to have a better understanding of dynamic stability of ships at sea through equation-based method, 
it is imperative to estimate the roll hydrodynamic coefficients more accurately; hence the proposed work is 
broken down into a number of specific research questions as below: 
- What are the effective parameters in calculating the roll hydrodynamic coefficients with a focus
around resonance frequency?
- How to compute accurately the roll hydrodynamic coefficients of a model ship in calm water?
- How to compute accurately the roll hydrodynamic coefficients of a model ship in regular beam sea?
1.3 Research Aim and Objectives 
The aim of this research is to improve the current state of scientific knowledge with regard to the dynamic 
stability of a ship. This is particularly to be addressed through the following objectives: 
- To calculate the roll added mass moment of inertia more accurately in calm water and wave
conditions.
- To calculate the roll damping more accurately in calm water and wave conditions.
- To calculate the roll restoring moment more accurately in calm water and wave conditions.
- To investigate the impact of degrees of freedom (DOF), Froude number, excitation frequency, scale
effect, appendages, and wave characteristics on the roll hydrodynamic coefficients.
1.4 Novel aspects 
While several original aspects have been developed in this study, the most outstanding outcomes that result 
from this work are deriving three distinguished hydrodynamic terms of roll motion equations:  
- Calculating the restoring moment in the dynamic condition while considering the influential parameters
in calm water and wave conditions.
- Calculating the added mass moment of inertia in calm water and wave conditions and specifying the
influence of relevant parameters.




1.5 Significance of the study  
There are different approaches to investigate the failure modes of dynamic stability (dead ship condition is 
the focus of this study) such as experimental measurements, numerical simulations and equation-based methods. 
The equation-based methods have been utilised in most studies to reduce the cost and time of the simulations. 
However, the validity of these methods depends on the accuracy of roll hydrodynamic coefficients. The most 
common methods for calculation of roll hydrodynamic coefficients fail to consider the impact of some 
parameters, hence, the magnitude of these coefficients remains inaccurate in some conditions. In this study, new 
approaches are presented for deriving these coefficients, including roll added mass moment of inertia, damping 
and restoring in the calm water and wave conditions. The effects of excitation frequency, appendages, Froude 
number, exciting moment, wave characteristics and scale effects on the magnitude of roll hydrodynamic 
coefficients are investigated.  
The results of this research strengthen the idea that equation-based methods are suitable for ship motion 
predictions in ample time. The findings provide insights for designers and operators to precisely compute the 
hydrodynamic coefficients, which can improve the prediction of ship motions as well as investigation of 
dynamic stability. The proposed methods can be generalised to compute the roll hydrodynamic coefficients of 
other ship types. 
  
1.6 Methodology 
The precise calculation of added mass moment of inertia, damping moment and restoring moment is the 
main objective of this research. The first stage is a literature review, where related papers are studied to 
understand what other researchers have done and where the major questions remain.  There are several 
approaches to compute the added mass moment of inertia, damping and restoring coefficients, but existing 
approaches can only be utilised in specific circumstances. Therefore, this study is focused on numerical and 
experimental tools to compute the roll hydrodynamic coefficients. For the numerical approach in this study, a 
CFD based software of STAR CCM+ is utilised, which solves the three-dimensional Reynolds-average Navier-
Stokes equations with a complete turbulence model, based on a finite volume method.  
In calm water condition, a model of a Post-Panamax container ship is excited based on harmonic excited roll 
motion technique, and the numerical results have been validated with an existing published experimental data, 
which established a set up for further simulations. The damping term is calculated by energy conservation 
method independently, and the roll added mass moment of inertia is calculated through a new method. 
Deducting the roll damping, mass and added mass moment of inertia terms from the total moment yields the 
residual moment, which would be the restoring moment. This innovative method uses sensitivity analysis to 
investigate the influence of effective parameters on roll motion characteristics.  Upon establishing a valid 
numerical method to estimate the added mass moment of inertia, damping and restoring moments on a ship 
model, the method can be utilised for a full-scale ship. Although the Froude number of a ship and its model 
remains the same, their Reynolds’ numbers are different, and the above-mentioned terms, and in particular the 
24 
damping is dependent on Reynold’s number. This method can provide a more realistic prediction of a full-scale 
ship’s behaviour in real sea condition. 
In regular beam sea condition, a model of bulk carrier is excited by regular waves with different heights and 
frequencies. The motion characteristics from numerical simulations are then compared against experimental 
measurements, and a good correlation is found. The restoring and exciting moments in dynamic condition, 
considering the position of waves with respect to the model is calculated by numerical simulation.  Following 
the successful quantification of restoring moments in waves, the roll damping and added mass moment of inertia 
are calculated using new approaches.  
1.7 Organisation of thesis 
Chapters 2 – 7 of this thesis are based on journal articles and conference papers prepared by the candidate. 
In the first page of each chapter, it is mentioned whether the paper is published or is under review by the journal. 
The chapter body is then the most recent version provided for publication (under review), some of the 
publications have been modified to fit into the structure of the thesis and all the published papers can be found 
in the appendix. An overview of the structure of this thesis is shown in Figure 1.1 and further details are provided 
below: 
• Chapter 2: Roll Resonance in Calm Water (contains two papers)
Paper 8: KIANEJAD, S., ENSHAEI, H., DUFFY, J. & ANSARIFARD, N. 2019. Investigation of a ship resonance 
through numerical simulation. Journal of Hydrodynamics, 1-15. This paper investigates the factors that 
influence the roll resonance to improve understanding of the resonance phenomenon using CFD 
simulation. Because, the calculation of roll hydrodynamic coefficients is performed at frequencies close to 
the natural frequency of the model. To achieve this aim, a container ship model was excited with a 
sinusoidal roll moment based on harmonic excited roll motion (HERM) technique over a range of 
frequencies, including those higher and lower than the roll natural frequency. In addition to the encounter 
frequency, the effects of phase shift between the roll exciting moment and roll angle, the phase difference 
between the roll angle and angular acceleration at resonance, are investigated.  
Paper 4: H. ENSHAEI, S. S. KIANEJAD. 2018. Quantifying Ship’s Dynamic Stability through Numerical 
Investigation of Weight Distribution. Proceedings of the 13th Int. Conference on the Stability of Ships and 
Ocean Vehicles (STAB), Kobe, Japan. In this study, the effects of different loading conditions and weight 
distributions on the roll motion characteristics are studied. A model of a post panamax container ship is excited 
at different excitation frequencies and Froude numbers to simulate the occurrence of roll resonance. Moreover, 
vertical centre of gravity (VCG) and roll moment of inertia as a result of weight distributions are also considered. 
• Chapter 3: Roll added mass moment of inertia in calm water (contains two papers)
Paper 7: KIANEJAD, S., ENSHAEI, H., DUFFY, J. & ANSARIFARD, N. 2019. Prediction of a ship roll added 
mass moment of inertia using numerical simulation. Ocean Engineering, 173, 77-89. In this study, the roll added 
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mass moment of inertia of a container ship is calculated by a new method. The model is excited by external 
sinusoidal roll moments based on the harmonic excited roll motion technique (HERM) at different excitation 
frequencies. The numerical method is validated against experimental simulations. Additionally, the effects of 
forward speed, appendages and scale effect on the roll added inertia coefficient are investigated. The magnitude 
of roll added mass moment of inertia of the proposed method is compared against Bhattacharyya’s method. 
Paper 1: KIANEJAD, S., ENSHAEI, H. & RANMUTHUGALA, D. Estimation of added mass moment of inertia 
in roll motion through numerical simulation.  PACIFIC 2017 International Maritime Conference, 2017. 1-15. 
The former journal paper covers almost the content of this conference paper, so, this conference paper is placed 
in the appendix.  
• Chapter 4: Roll damping calculation in calm water (contains three papers)
Paper 6: KIANEJAD, S. S., ENSHAEI, H., DUFFY, J., ANSARIFARD, N. & RANMUTHUGALA, D. 2019. Ship 
Roll Damping Coefficient Prediction Using CFD. Journal of Ship Research. Numerical simulations are 
conducted to compute the roll damping coefficients considering energy conservation method based of HERM 
technique. The results of fully appended model free in 6 DOF are compared against experimental measurements 
and a good correlation is found. For the next stage, the impact of appendages, forward speed and DOF on the 
roll motion characteristics and roll damping coefficients for both model-scale and full-scale are investigated.  
Paper 3: S. S. KIANEJAD, H. E., J. DUFFY,N. ANSARIFARD, D. RANMUTHUGALA 2018. Investigation of 
scale effects on roll damping through numerical simulations. Proceedings of the 32nd Symposium on Naval 
Hydrodynamics, Hamburge, Germany. The former journal paper coveres almost the content of this conference 
paper, so, this conference paper is placed in the appendix. 
Paper 3: KIANEJAD, S., LEE, J., LIU, Y. & ENSHAEI, H. 2018. Numerical Assessment of Roll Motion 
Characteristics and Damping Coefficient of a Ship. Journal of Marine Science and Engineering, 6, 101. This 
paper investigates the effects of excitation frequency on roll damping coefficients based on HERM technique. 
• Chapter 5: Roll restoring calculation in calm water (contains one paper)
Paper 5: S. S. KIANEJAD, H. E., J. DUFFY,N. ANSARIFARD 2018. Calculation of Restoring Moment in Ship 
roll motion through Numerical Simulation. Proceedings of the 13th Int. Conference on the Stability of Ships 
and Ocean Vehicles (STAB), Kobe, Japan. In this study, a model of a container ship is excited to compute the 
restoring moment in dynamic condition using CFD simulations. Additionally, the effects of appendages, 
forward speed, and number of degrees of freedom (DOF) on the roll restoring moments at a frequency close to 
the natural frequency of the model are investigated. The restoring moment in dynamic condition for all 
conditions are compared agains restoring moment from hydrostatic calculations. 
• Chapter 6: Roll restoring calculation in regular beam sea (contains one paper)
Paper 9: KIANEJAD, S., ENSHAEI, H., DUFFY, J. Ship roll restoring moment calculation in beam sea 
condition. Ships and offshore structures (under review). In this study, the variation of restoring moment of a 
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model of bulk carrier ship in a dynamic condition is studied. The model is excited in 14 conditions in beam sea, 
including two wave heights of 0.05 and 0.1 m and seven frequencies close to the natural frequency of the model 
from 0.57 to 0.69 Hz with intervals of 0.02 Hz. The restoring moment is calculated considering the real amount 
of buoyancy force and position of the model with respect to the wave. The results in dynamic condition have 
significant differences compared with restoring moment in hydrostatic condition. 
• Chapter 7: Roll added mass moment of inertia and damping calculations in regular beam sea (contains
one paper) 
Paper 10: KIANEJAD, S., ENSHAEI, H., DUFFY, J. Calculation of roll hydrodynamic coefficients in regular 
beam waves. Ocean Engineering (under review). In this study, a model of bulk carrier ship is adopted to compute 
the magnitude of roll damping and added mass moment of inertia coefficients using experimental and numerical 
simulations. Novel methods are introduced for calculation of the roll damping and added mass moment of inertia 
coefficients. The model is excited in 35 cases in regular beam sea conditions, including five wave heights (0.025, 
0.05, 0.075, 0.1 and 0.125 m) and seven frequencies, which are close to the natural frequency of the model from 
0.57 to 0.69 Hz with intervals of .02 Hz. 
• Chapter 8 states the main conclusions and provides some ideas for further studies.
Figure 1.1 An overview of thesis chapters 
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2 Chapter 2: Roll Resonance in Calm Water 
The works presented in this chapter have been published as peer reviewed papers. The citations for these 
papers are: 
KIANEJAD, S., ENSHAEI, H., DUFFY, J. & ANSARIFARD, N. 2019c. Investigation of a ship resonance 
through numerical simulation. Journal of Hydrodynamics, 1-15. 
H. ENSHAEI, S. S. KIANEJAD. 2018b. Quantifying Ship’s Dynamic Stability through Numerical Investigation
of Weight Distribution. Proceedings of the 13th Int. Conference on the Stability of Ships and Ocean Vehicles 
(STAB), Kobe, Japan. 
Chapter 2 has been 
removed for copyright or 
proprietary reasons.
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3 Chapter 3: Roll added mass moment of inertia 
calculation in calm water 
The works presented in this chapter have been published as peer reviewed papers. The citations for these 
papers are: 
KIANEJAD, S., ENSHAEI, H., DUFFY, J. & ANSARIFARD, N. 2019b. Prediction of a ship roll added mass 
moment of inertia using numerical simulation. Ocean Engineering, 173, 77-89.  
KIANEJAD, S., ENSHAEI, H. & RANMUTHUGALA, D. Estimation of added mass moment of inertia in roll 
motion through numerical simulation.  PACIFIC 2017 International Maritime Conference, 2017. 1-15. 
Chapter 3 has been 
removed for copyright or 
proprietary reasons.
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4 Chapter 4: Roll damping calculation in calm water 
The works presented in this chapter have been published as peer reviewed papers. The citations for these papers 
are: 
KIANEJAD, S. S., ENSHAEI, H., DUFFY, J., ANSARIFARD, N. & RANMUTHUGALA, D. 2019a. Ship Roll 
Damping Coefficient Prediction Using CFD. Journal of Ship Research. 
S. S. KIANEJAD, H. ENSHAEI, J. DUFFY, N. ANSARIFARD, D. RANMUTHUGALA 2018a. Investigation of scale effects 
on roll damping through numerical simulations. Proceedings of the 32nd Symposium on Naval Hydrodynamics, Hamburge, 
Germany. 
KIANEJAD, S., LEE, J., LIU, Y. & ENSHAEI, H. 2018. Numerical Assessment of Roll Motion Characteristics 
and Damping Coefficient of a Ship. Journal of Marine Science and Engineering, 6, 101. 
Chapter 4 has been 
removed for copyright or 
proprietary reasons.
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5 Chapter 5: Roll restoring moment calculation in calm 
water 
The work presented in this chapter has been published as a peer reviewed paper. The citation for the paper is: 
S. S. KIANEJAD, H. ENSHAEI, J. DUFFY,N. ANSARIFARD 2018c. Calculation of Restoring Moment in Ship roll motion 
through Numerical Simulation. Proceedings of the 13th Int. Conference on the Stability of Ships and Ocean Vehicles 
(STAB), Kobe, Japan. 
Chapter 5 has been 
removed for copyright or 
proprietary reasons.
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6 Chapter 6: Roll restoring moment calculation in 
regular beam waves 
This chapter has been submitted for publication in journal of Ships and Offshore Structures, and at the time of 
writing the thesis was under review. The citation for the research article is: 
KIANEJAD, S., ENSHAEI, H., DUFFY, J. (2019). Ship roll restoring moment calculation in beam sea condition. 
Ships and offshore structures (under review). 
106 
Abstract 
Accurate calculation of restoring moment, virtual mass moment of inertia and damping moment increases 
the accuracy of a ship’s dynamic stability simulation. The current methods of approximating the roll restoring 
moment are based on hydrostatic calculations. These methods fail to consider the dynamic conditions and 
variation of buoyancy and wave location with respect to the model. In the current study, experimental and 
numerical simulations are conducted at beam sea condition to investigate the behaviour of model. The model is 
excited by regular waves at different heights and frequencies to measure the motion characteristics and the 
restoring moment in dynamic conditions. The motion characteristics of the model obtained from the numerical 
simulation are compared against the experimental measurements, and a good agreement is found. The results 
show that the restoring moments in the dynamic condition have significant differences compared to the static 
condition. The magnitude of restoring moment in dynamic condition is measured based on the variation of heave 
motion of the model and the location of the wave’s crest and trough with respect to the model.  
Keywords: Restoring moment, Buoyancy, CFD, Resonance, Beam waves. 
6.1 Introduction 
A ship in the rough sea condition experiences nonlinear translational and rotational motions. However, there 
is a greater concern regarding roll motion compared to the other motions, as the damping and restoring moments 
which resist the roll motion increment, are smaller. As a result of the extreme roll, capsizing of a ship can occur 
both in resonance and non-resonance conditions (Wawrzyński and Krata, 2016). The non-resonance capsizing 
can occur in two different situations; when a ship experiences a large roll motion in a seaway which is also acted 
upon by gusty wind, and in surf-riding and broaching phenomena. On the other hand, the external forces and 
moments induced by waves at a specific frequency can excite the resonance condition. Capsizing in the 
resonance condition can occur due to two different phenomena of a synchronous and parametric roll, where the 
encounter frequency is either equal or two times of the ship’s roll natural frequency, respectively. The parametric 
roll is most probable to arise in some types of ships like container ships in head sea condition when the 
wavelength is equal to the ship’s length. Even though, all ship types might be subjected to the synchronous 
rolling in beam sea condition. This condition is dangerous since small external forces and moments can impose 
a large roll angle. To investigate a ship’s motions, there are generally three approaches including experiments, 
CFD and equation-based methods. Direct investigation of different failure modes of dynamic stability is time-
consuming; therefore, most studies have been conducted using equation-based methods. The accuracy of these 
methods depends on several hydrodynamic coefficients like the mass and added mass moment of inertia, 
damping and restoring. However, the magnitude and effects of restoring moment at a resonance condition are 
much larger than the other moments. Thus, computing the precise magnitude of the restoring part is imperative. 
Paulling (1961) calculated the restoring moment in regular head sea condition using an analytical method. 
Neves and Rodríguez (2005) used a third order analytical model to compute the restoring moment based on an 
approach similar to Paulling. The weakness of this approach lies in the calculation of several geometry-based 




the complexities of analytical methods. They found that the analytical method for a Matheiu type system cannot 
accurately capture the variation of righting arm in wave conditions.  
Neves (2002), Neves et al. (2002) and Holden et al. (2007) used a 3 DOF nonlinear model to investigate the 
effects of heave, pitch and roll motions on the restoring moment. Although this model was simpler than 6 DOF, 
the computational time of the forces in the coupled motions was significant. Oh et al. (2000) suggested that 
modelling of the coupled heave, pitch and roll motions could be simplified since coupling effects on righting 
arm are small. They used a 1 DOF model by adding the coupled heave and pitch motions effects on the restoring 
moment, which was approximated by a third order fitting polynomial equation. In the case of regular waves, 
Bulian et al. (2006) introduced a 1.5 DOF model based on a quasi-static approach, where the half DOF is related 
to the coupled heave and pitch motions. They estimated the righting arm at different angles based on the height 
and position of the wave crest in relation to the ship’s length using polynomial fitting function and Fourier 
series. In the case of irregular waves, they introduced Grim’s effective wave (GEW) to estimate the righting 
moment which provides a conservative approximation. The GEW method was used by many researchers 
including Bulian (2008), Hashimoto (2006) and Umeda et al. (2004) in irregular wave condition. However, 
Somayajula and Falzarano (2017b) concluded that the results of the GEW model do not agree with a nonlinear 
time domain method which was validated against experiments. Bulian et al. (2008) also investigated the GEW 
method extensively and compared the results against experimental measurement, where the discrepancy was 
relatively high.  
Palmquist (1994) and Hua et al. (1999) calculated the metacentric height in wave sea condition by a series 
of Volterra transfer functions. Somayajula et al. (2014) used this method to investigate the parametric roll of a 
container ship (C11) in head sea condition. The method failed to compute the restoring arm, while they 
calculated a time-variant cubic restoring arm in the next study (Somayajula and Falzarano, 2015). They 
concluded that both the Volterra approach and GEW overpredict the induced roll motion against experiments. 
Somayajula and Falzarano (2018) proposed a new model of the Volterra method (Volterra GZ method) to model 
the time-varying restoring arm in irregular waves without fitting approximation. The results were compared 
against a nonlinear time-domain method which had a better agreement. 
Vidic-Perunovic (2011) and Dunwoody (1989) assumed a linear relationship between changes of metacentric 
height (GM) of a ship in the calm water and wave conditions based on the wave height. Silva et al. (2005) 
proposed that the restoring moment can be predicted accurately by computing the pressure distribution over the 
wetted surface area; however, this requires long-running simulations. They suggested a fifth-order nonlinear 
polynomial function instead of a direct calculation of the righting arm; although it is not feasible for some types 
of ships. Song et al. (2013) developed a 1 DOF method to predict the parametric roll that used a GM spectrum 
considering the coupled heave and pitch motions. The variation of the righting arm was estimated by combining 
the righting arm in the calm water and the fluctuation of the GM. The GM spectrum was computed considering 
the heave motion, pitch motion and wave elevation. 
Hashimoto and Umeda (2004) reported that considering the dynamic component improves the prediction of 




in both the head and following seas. They found that in head sea condition, the restoring arm has a nonlinear 
relationship with Froude number, while, the restoring arm is not sensitive to Froude number in the following 
sea condition. S. S. Kianejad (2018a) Calculated the dynamic restoring moment of a post panamax container 
ship in calm water condition based on a harmonic excited roll motion (HERM) method. They found that 
restoring moment in a dynamic condition is larger than restoring moment in static condition. They also noticed 
that equipping the model with bilge keels and considering the model free in higher DOF increases the restoring 
moment.  
What is apparent from literature, a ship in the parametric roll and dead ship condition experiences the 
resonance condition where the roll angle increases over the time. The existing methods of predicting restoring 
moment of a ship fails to take into account the influence of dynamic condition, especially in the beam sea 
condition. The effect of buoyancy variation and position of a wave with respect to a ship are unknown.  In this 
study, numerical and experimental simulations were conducted considering a beam sea condition at two wave 
heights (0.05 m and 0.1 m) and seven wave frequencies (from 0.57 to 0.69 Hz with intervals of .02 Hz) including 
lower and higher than the natural frequency of the model to investigate their influences on motion 
characteristics. The validated numerical method was used to calculate the roll restoring moment in a dynamic 
condition and investigate the effects of different wave heights and wave frequencies on it.  
 
6.2 Model geometry 
In this study, a model of bulk carrier ship is adopted to compute the magnitude of roll exciting and restoring 
moments as well as the roll damping and added mass moment of inertia coefficients. The main particulars of 
the model are shown in Table 6.1. The model had no appendages and was tested in regular beam sea conditions 
with no forward speed. 
 
Table 6.1 Main particulars of the model 
Main dimension Model-scale 
Lpp [m] 2.01 
Lwl [m] 2.00 
Bwl [m] 0.36 
D [m] 0.09 
CB 0.81 
Δ [Kg] 55.38 
KG [m] 0.14 








6.3 Experimental measurements                                                                                                         
The model tests were conducted in the towing tank with 100 m length, 3.55 m width and a variable depth up 
to 1.5 m at the Australian Maritime College, University of Tasmania. A hydraulically driven wave maker located 
at one end of the towing tank was used to produce regular waves. A computer program was used to control the 
wave maker paddle to produce a range of waves with different heights and frequencies. A large beach is placed 
at the other end of towing tank to minimise the wave reflections. Figure 6.1 illustrates the model position in the 
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towing tank in a beam sea condition at an encounter angle of 90 degrees to the regular waves. To monitor the 
wave height and wave frequency of the produced waves, four resistive-type wave probes (named as WP0-WP3) 
were utilised. An optical motion tracking system (Qualisys) with seven cameras was employed to capture the 
translational and rotational motions of the model, as well as the roll angular velocity and roll angular 
acceleration. The centre of gravity of the model was set as a reference for the motion characteristics calculation 
via three passive markers attached to the model. It can be seen in Figure 6.1, the model was restrained by cables 
to decrease the sway and yaw motions. The cables were attached to the bow and stern of the model at the free 
surface to reduce their impacts on heave and pitch motions. The cables were threaded through pulleys at both 
sides of the tank and were restrained by 1 kg weights. All devices were synchronised, and the data was captured 
at 200 Hz for both the wave probes and Qualisys system.  
Figure 6.1 Experiment layout at different views in the towing tank (Dimensions are in meter). 
6.4 Numerical modelling 
The following sections discuss the details of numerical simulation method selected for this study. 
6.4.1 Governing equations and physics modelling 
The numerical simulations were carried out using STAR CCM+. The software resolves integral forms of 
RANS equations based on the finite volume method and a transient approach was selected as the simulation is 
a function of time. The solver utilises the averaged continuity and momentum equations. The aforementioned 
equations for incompressible flow in terms of tensor form and Cartesian coordinates are as follows (Ferziger et 
al., 1997): 
. 0u =                                                                                                                                                                             (6.1)
.[ ] * .[
u
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+  (6.2) 
Here, X=(x, y, z) are the cartesian coordinates and u=(u, v, w) represent time averaged velocity fields and 
 is the gradient operator. ρ is the density of water and air with a constant value for each one during the 
simulations. P* and g represent the time averaged pressure and gravitational acceleration, respectively. τ and μ 
are the Reynolds tensor and the dynamic viscosity. A predictor-corrector method is employed to make a 
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correlation between continuity and momentum equations. The turbulence models are required to provide closure 
of the RANS equations in a turbulent flow and to address the uncertainty of the stress tensor, hence, the SST 
and K-omega turbulence model was selected.  
The “volume of fluid” (VOF) approach has been used for modelling of the free surface, which is a simple 
multiphase approach. While a VOF method is selected, there is no need for extra modelling. This is because 
VOF can be utilised for simulating flows with different phases in which each phase has a large structure with a 
low contact area with other phases. The free surface in calm water and wave condition changes during the 
simulation so that the second-order convection scheme was selected to capture a sharp interface among phases. 
The volume of fraction (γ) was utilised to track the fluids. The magnitude of volume of fraction for the air and 
water phases is 0 and 1, respectively, and a mixture of two fluids has an intermediate value. The volume fraction 
distribution is modelled by the equations below: 









The last term of equation 6.3 is a compression term which reduces the smearing of interface and 𝑢𝑟 is the relative
velocity. The variation of ρ and μ can be calculated by: 
(1 )water air   = + +  (6.4) 
(1 )water air   = + +            (6.5) 
 The solver utilises the segregated flow model to solve the governing equations in an uncoupled condition, 
where convection terms were discretised by the second order upwind scheme and the SIMPLE algorithm was 
selected throughout the solution. The model was free in 6 DOF to simulate the ship’s motion like a real condition 
at sea. Thus, the dynamic fluid body interaction (DFBI) approach was used to feed the solver to compute 
different forces and moments, which are acting on the model. Courant number (CFL) was utilised to choose a 
suitable time step and it was less than one for each cell to have numerical stability. The force from the waves in 
y direction is large enough, the model experiences the sway motion. Therefore, four 10 N forces were applied 
on the model as shown in Figure 6.2 at the free surface to reduce the sway and yaw motions. When the model 
has the positive or negative sway motions, the forces with red and green forces, respectively, act on the model 
to bring it back to the initial sway position. As the simulations were set in beam sea condition with long crested 
regular waves and the moments generated by restraining forces were not considered, the yaw and pitch motions 
are negligible. The motions of the model are studied in section 6.7.1. 
Figure 6.2 A schematic diagram of restraining the model in the numerical simulations. 
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6.4.2 Mesh structure and generation 
Selecting a suitable size of the domain reduces the simulation time and increases the accuracy of the results. 
In this study, the domain size was selected based on practical guidelines for ship CFD applications proposed by 
ITTC (2011) where the inlet boundary is placed at 2.5 Lpp upstream of the model, while the outlet is placed at 
4 Lpp downstream of the model. The top and bottom boundaries are located at 0.5 Lpp and 1 Lpp from the 
model, respectively, to avoid boundary effects on the simulation results. The side boundaries are positioned at 
0.4 Lpp from the model. In order to capture large motions, the overset mesh approach was employed. This 
approach consists of two regions including overset and background. The overset region surrounds and holds the 
body and moves with the body inside the motionless background mesh (Field, 2013). The size of mesh inside 
the overset region was refined enough to capture the boundary layer, flow separation during body motion, wave 
making and vortices around the body. Four types of meshers were used to produce the mesh including trimmed, 
prism layer, surface and automatic surface repair meshers. The trimmed mesher creates a high-quality mesh, 
while the prism layer mesh was utilised to generate orthogonal prismatic mesh next to the body to capture the 
velocity gradient and boundary layer. To enhance the quality of surface to create volume mesh, the surface 
remesher was used. Finally, the automatic surface repair was used to refine the geometry problems that remained 
after surface remeshing. The size of cells inside the overset region is smaller than in the background region. To 
prevent divergence, the cell size in the overset region and the background were matched using an overlap 
volumetric block. The mesh at free surface was generated based on practical guidelines for ship CFD 
applications (ITTC, 2011). According to these recommendations for regular wave conditions, at least 40 cells 
per wavelength and 20 cells for the vertical direction of free surface were considered. The size of cells around 
the model was decreased to 40% of the basic cell size of the overset region and 15 inflation layers were generated 
by a stretching ratio of 1.3 using prism layer mesher to capture the boundary layer and flow separation around 
the body. The all 𝑦+wall treatment was used which is a hybrid method and emulates the low 𝑦+ wall treatment
(𝑦+~1) for fine meshes and a high 𝑦+ wall treatment for coarse meshes. The y+ value is less than 1 to ensure
the selected mesh configuration has ability to compute the pressure and shear forces precisely. Figure 6.3 shows 
illustrations of the computation mesh. Details on the mesh sensitivity and uncertainty are provided in Section 
6.6. 
6.4.3 Boundary and initial conditions 
To reduce the running time and boost the accuracy of simulation results, suitable initial and boundary 
conditions were selected. The velocity inlet boundary condition was set in upstream (inlet) of the model, while 
the pressure outlet boundary was set in downstream (outlet) to prevent any backflow. The top and bottom were 
set as velocity inlet, while, the side walls were set as a wall like the model tests. The magnitude of initial and 
boundary flow velocity at each velocity inlet boundary condition was set as fifth order wave condition. The 
initial hydrostatic pressure of the fifth order wave was set for the outlet boundary. For the lager wave heights, 
the wave profile in crest and trough is different and usually has sharper crest and wider trough. The fifth order 
Stokes wave produces more realistic regular waves like the obtained for the model tests, hence, the fifth order 
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waves were generated in this study. The VOF wave forcing method was selected at inlet and outlet boundaries 
to decrease the simulation time without compromising the results. The solution of 3D Navier Stokes equations 
at forcing length region (one wave length from each boundary) is forced towards a simplified theory (such as a 
theoretical solution or simplified numerical solution), where the momentum sources are used not phase and 
turbulence sources. As the 3D Navier Stokes equations are solving just at the vicinity of the model, the 
simulation time decreases. By setting the VOF wave forcing method at the inlet and outlet boundaries, 
propagating waves at the upstream decreases and better waves are produced.  
Figure 6.3 An overview of computational mesh and boundaries. 
6.5 Experimental uncertainty 
According to Kim and Hermansky (2014), the uncertainty of experimental measurements should be 
quantified to assess the quality of results. The experimental uncertainty consists of type A and type B based on 
the ISO-GUM’s method. The type A uncertainty is based on the repeatability of measurements and is manifested 













  (6.6) 
Where, n is the number of repeated realizations and 𝑞𝑗  is the value from a single measurement,  ?̅? represents
the mean value of the measured data. The experimental standard deviation is defined as a positive square root 
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The end to end multiple test run approach is a common approach of the repeatability of measurement. In this 
regard, all influential parameters on measurement should be taken into account. To reduce the magnitude of 
type A uncertainty, the number of repeats should be large enough, and generally 10 repeats are acceptable. As 
the computation of uncertainty for all realizations is time consuming and costly, uncertainty calculation for a 
couple of realizations is suitable; hence, the repeats should be carefully selected. The type B uncertainty is 
defined by 𝑢𝑖
2
 and/or 𝑢𝑖, which could be specified based on the variance and standard deviation. The geometry
of model, measuring devices, calibration and installation of devices, data processing and presenting are the main 
sources of the type B uncertainty. The accuracy of Qualisys system and wave probe as measuring devices was 
chosen as sources of the type B uncertainty and remains constant over the duration of an experiment. The total 




Overset region  
SideSide
113 
standard uncertainty of a measured value containing the type A and type B uncertainties can be computed by 
the equation below: 
2 2 1/2
1 1
( ) [ ( ) ( )]
N K
i j
u y s q u x
= =
= +    (6.8) 
In the present study, the uncertainty calculation was conducted in cases with a wave height of 0.1 m and 
different frequencies as shown in Table 6.2 and Table 6.3. The total standard uncertainty at a wave frequency 
of 0.57 Hz is larger than the other cases, however, at frequencies closer to the natural frequency of the model 
(0.65 and 0.67 Hz) the uncertainty values are smaller. This is because, the motion characteristics variations for 
different repeats at resonance condition are negligible. 
Table 6.2 Type A and B uncertainties of the experimental measurements at a wave height of 0.1 m and different wave frequencies. 
Amplitude Type A Uncertainty Type B Uncertainty 
Frequency (Hz) 0.57 0.59 0.61 0.63 0.65 0.67 0.69 
Roll angle (Degrees) 0.18 0.17 0.15 0.14 0.13 0.13 0.14 0.473 
Angular velocity (Rad/s) 0.051 0.038 0.036 0.028 0.027 0.031 0.032 0.008 
Angular acceleration (Rad/s2) 0.179 0.174 0.164 0.159 0.151 0.152 0.158 0.008 
Wave elevation (mm) 1.01 1.00 1.24 1.11 1.02 1.05 1.08 0.2 
Heave (mm) 1.82 1.56 1.32 1.23 1.14 1.35 1.47 1.5 
Sway (mm) 3.92 3.17 2.87 2.15 1.71 1.85 2.61 1.5 
Table 6.3 Total standard uncertainty of the experimental measurements at a wave height of 0.1 m and different wave frequencies. 
Amplitude Standard uncertainty (%) 
Frequency (Hz) 0.57 0.59 0.61 0.63 0.65 0.67 0.69 
Roll angle (Degrees) 4.17 3.54 3.04 2.74 2.65 2.64 2.69 
Angular velocity (Rad/s) 6.22 4.11 3.32 2.37 2.18 2.22 2.39 
Angular acceleration (Rad/s2) 5.76 4.27 3.550 3.448 2.928 2.585 2.676 
Wave elevation (mm) 2.02 2.01 2.42 2.16 2.04 2.05 2.14 
Heave (mm) 4.95 4.29 3.82 3.62 3.48 3.64 3.79 
Sway (mm) 8.84 7.17 6.48 5.13 4.32 4.76 6.05 
6.6 Numerical uncertainty analysis 
Prior to commencing the simulations for different cases, it is necessary to specify the uncertainty in 
simulation results to ensure the numerical approach simulates the physics accurately. According to the 
verification method advised by Stern et al. (2001), numerical uncertainty (USN) consists of iterative convergence 
uncertainty (UI), grid-spacing uncertainty (UG) and time-step uncertainty (UT) given in the following equation: 
2 2 2 2
SN I G TU U U U= + +   (6.9) 
The uncertainty of the UI is negligible for the fine grid and small time step (Tezdogan et al., 2015). The grid-
spacing and time step were considered as major sources of the numerical uncertainties. To compute the 
numerical uncertainty, the simulation at a wave height of 0.1 m and a frequency of 0.65 Hz was selected. The 
grid-spacing uncertainty of different mesh configurations was performed based on a Richardson extrapolation 
(Kianejad et al., 2018). Three different mesh configurations with a refinement ratio of 2Gr = were considered, 
and the number of meshes for each case is shown in Table 6.4. The simulation was set on the basis of coarse, 
medium and fine mesh configurations shown by S3, S2 and S1, respectively. The variation of simulation results 
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Table 6.4 The number of elements for each mesh configuration tested. 
 Background Overset Total 
Fine (S1) 525,546 2,040,984 2,566,530 
Medium (S2) 308,270 1,209,775 1,518,045 
Coarse (S3) 189,897 854,423 1,044,320 
 
The numerical convergence ratio was calculated using equation 6.12. According to the convergence ratio, 
four typical conditions can be predicted: (i) monotonic convergence (0<RG<1), (ii) oscillatory convergence 
(RG<0; |RG|<1), (iii) monotonic divergence (RG >1), and (iv) oscillatory divergence (RG<0; |RG|>1). Numerical 
uncertainty in cases (iii) and (iv) cannot be computed because of divergence. For case (ii) uncertainty can be 
computed based on bounding error with upper limit SU and lower limit SL by using the equation below: 
  
1
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The correction factor CG, which is defined in the equation below, determines the method of uncertainty 
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If the CG is close to 1, the solutions are close to the asymptotic range and the numerical error δ*SN, benchmark 
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If the value of CG is greater than 1, the solutions are far from the asymptotic range and the numerical uncertainty 
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The time step uncertainty calculation was performed in a similar procedure and starting from Δt =T/28 
and considering a refinement ratio of 2 ( 𝑟𝑇=2). The numerical simulation results for each mesh configuration 
and time step, experimental measurements and the magnitude of uncertainties are presented in Table 6.5 and 
Table 6.6. Figure 6.4 shows the time traces of simulation results against experimental measurements and it can 
be seen that there is a good correlation between them. The magnitude of grid spacing uncertainty is larger than 
the time step uncertainty, accounting for 5% of maximum uncertainty for the sway motion. The simulation 
results for the fine mesh configuration and the smallest time step were closer to the experiment, hence, further 
simulations were performed based on the fine mesh configuration and smallest time step. The validation 
uncertainty (𝑈𝜐) can be calculated by equation 6.21, where,  𝑈𝐷 is the experimental uncertainty. The absolute 
comparison error (E) is the difference between the numerical and experimental measurements. The absolute 
comparison error should be less than the validation uncertainty to validate the simulation results against 
experimental measurements. 
2 2
SN DU U U = +                                                                                                                                                            (6.21) 
It can be seen in Table 6.7 that the magnitude of validation uncertainty for all cases is larger than the 










Figure 6.4 Surface elevation, roll angle, roll angular velocity, roll angular acceleration and heave motion time traces for the 






























































































































Table 6.5 Grid convergence study at a wave height of 0.1 m and a wave frequency of 0.65 Hz. 
Amplitude EFD S1 S2 S3 RG δ*REG1(%S1) UGC (%S1) 
Roll angle (Degrees) 18.51 18.80 19.00 19.41 0.49 1.01 1.76 
Angular velocity (Rad/s) 1.3 1.26 1.29 1.34 0.60 3.57 4.37 
Angular acceleration (Rad/s2) 5.15 5.01 5.07 5.17 0.60 1.80 2.20 
Wave elevation (mm) 51.02 50.18 49.41 48.45 0.67 2.40 2.40 
Heave (mm) 54.13 52.42 51.34 48.84 0.44 1.65 3.35 
Sway (mm) 52.67 56.11 54.46 52.18 0.63 4.46 5.05 
 
Table 6.6 Time step convergence study at a wave height of 0.1 m and a wave frequency of 0.65 Hz. 
Amplitude EFD T1 T2 T3 RT δ*RET1(%T1) UTC(%T1) 
Roll angle (Degrees) 18.51 18.80 18.30 17.53 0.65 4.93 1.13 
Angular velocity (Rad/s) 1.3 1.26 1.19 1.08 0.64 9.72 2.08 
Angular acceleration (Rad/s2) 5.15 5.11 5.023 4.91 0.82 7.93 3.08 
Wave elevation (mm) 51.02 50.18 49.24 48.12 0.73 4.27 1.33 
Heave (mm) 54.13 52.42 51.03 48.68 0.61 4.16 0.74 
Sway (mm) 52.67 56.11 54.45 52.09 0.67 5.70 1.43 
 
Table 6.7 Validation of the numerical simulation 
 USN (%) UD (%) Uυ (%) E (%) 
Roll angle (Degrees) 2.09 2.65 3.38 -1.57 
Angular velocity (Rad/s) 4.84 2.18 5.30 3.08 
Angular acceleration (Rad/s2) 3.78 2.93 4.78 2.72 
Wave elevation (mm) 2.75 2.04 3.42 1.96 
Heave (mm) 3.43 3.48 4.88 3.14 
Sway (mm) 5.25 4.32 6.79 -6.45 
   
The case of 0.1 m wave height and a wave frequency of 0.65 Hz was chosen to investigate the influence of 
turbulence model and side wall effects on the simulation results, and to ensure the reliability of the selected 
numerical approach. The simulations results are shown in Table 6.8. The simulations were performed by a 
cluster with 140 CPUs and the simulation time of the K-epsilon turbulence model (19 hours) was lower than the 
SST and K-omega turbulence model (24 hours), whereas, the simulation results had larger discrepancies 
compared to the experimental measurements. As the SST and K omega turbulence model generates more 
accurate results, it was chosen for the rest of simulations. 
To investigate the effects of side walls on simulation results, both walls were positioned at 1.5 L from the 
model. The numerical set up was the same for the original and new wall positions. The simulation results in 
Table 6.8 and Figure 6.5 confirm that the wall effects are negligible. Since the simulations were conducted in 
beam sea condition and the width of the model is relatively small and the interaction between fluid and walls 
has a negligible impact on the model responses, hence, the original position of the side walls was considered 
for the rest of simulations to reduce the simulation time.    
Table 6.8 Influence of turbulence model and side wall-effect on the simulation results. 
 Original wall position Wall-away 
Amplitude EFD SST K-omega K-epsilon SST K omega 
Roll angle (Degrees) 18.51 18.80 20.41 18.76 
Angular velocity (Rad/s) 1.3 1.26 1.41 1.28 
Angular acceleration (Rad/s2) 5.15 5.11 5.83 4.98 
Wave elevation (mm) 51.02 50.18 50.23 50.15 
Heave (mm) 54.13 52.42 50.24 53.04 



















Figure 6.5 Investigation of side wall-effects of on wave profile, a) original wall location, b) side walls located at 1.5L from the model 
 
6.7 Results and discussion 
In this section, the results of motion characteristics of the model are presented for comparison and further 
discussion at different wave heights and wave frequencies for both numerical and experimental simulations. 
Additionally, for the roll angle amplitude, the results of static condition (from Maxsurf Stability version 20) are 
demonstrated to be compared against the dynamic condition. The magnitude of restoring moment at different 
conditions are also calculated and compared against the equivalent hydrostatic conditions. In the following 
sections, the model is located in the crest and trough conditions reflect that the model is located in zones 1 and 
2, respectively (Figure 6.6). 
 
Figure 6.6 Zones for the crest (1) and trough (2) conditions. 
6.7.1 Motion characteristics  
The impact of two wave heights and seven wave frequencies were investigated on the responses of the model 
in the beam sea. The amplitude of roll angle, roll angular velocity, roll angular acceleration and heave motion 
are plotted in Figure 6.7. It can be seen that the results of numerical simulations are in a good agreement with 
the experimental measurements. Two figures are given for each one of the motion characteristics, one for a 
condition that the model is located in the trough of a wave (left figures), and the other when hit by the crest 
(right figures). The roll angle amplitudes in the dynamic condition (CFD and EFD) are also compared against 
static condition using hydrostatic calculation. In the static condition, the model was located at different locations 
of one wavelength (see Figure 6.8). The roll angle was calculated by computing the restoring moment and 
considering the variation of the restoring moment for various roll angles in a calm water condition. For the static 
condition, the roll amplitude increases linearly by increasing the wave frequency and wave height, because both 
of them increase the wave steepness, righting arm and restoring moment. Whereas, in the dynamic condition, 










Figure 6.7 Amplitude of roll angle, roll angular velocity, roll angular acceleration and heave motion of the experimental and 
numerical simulations for the wave heights 0.05 and 0.1 m at wave frequencies of 0.57 to 0.69 Hz. 
roll angle to the maximum value at the wave frequency of 0.65 Hz, which is close to the natural frequency of 
the model. After that, the roll angle decreases while wave frequency increases. However, the natural frequency 
of the model changes in the larger roll angles and wave heights (Kianejad et al., 2019b, H. Enshaei, 2018) and 
shifts the natural frequency towards a higher frequency, and as a result, the model experiences a larger roll angle 
at the wave frequency of 0.67 Hz.  The roll angular velocity and acceleration follow the same patterns as the 









































































































































































Figure 6.9 The heave motions of the model for different roll angles at wave heights of 0.05 and 0.1 m and wave frequencies (𝑓𝑤) from 
0.57 to 0.69 Hz. 
responses of the model at different conditions are quite nonlinear compared to the static condition. When the 
wave height is small (H=0.05 m), the model has almost the same roll motion characteristics while remaining 
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sharp crest and a wide trough (trochoidal wave), the roll amplitude at higher wave frequencies is larger in the 
trough than in the crest condition (up to 2 degrees). On the other hand, the roll acceleration amplitude in the 
crest condition is larger than the trough condition, since the changes in roll velocity are larger because of 
experiencing the sharp wave crest. The heave motion of the model remains the same for both crest and trough 
conditions at a wave height of 0.05 m. Increasing the wave frequency at a larger wave height increases the heave 
motion due to an increase in the wave steepness. 
 
6.7.2 Restoring moment calculation 
It was found that magnitude of restoring moment in waves considering dynamic condition is different from 
the calm water condition. It depends on the heave motion of the model and location of the crest and trough of a 
wave with respect to the model. The buoyancy force is a product of total pressure and the wetted surface area 
in the Z direction. Figure 6.9 illustrates the heave motion of the model at different wave frequencies and wave 
heights. The model has maximum and minimum roll angles at the trough and crest, when the wave frequency 
is close to the natural frequency of the model. For the wave heights of 0.05 and 0.1m, the wave frequencies of 
0.65 and 0.67 Hz appear closer to the natural frequency. It is shown that when the model is located over the 
crest, the buoyancy force is smaller than the calm water condition, but it is larger when the model is located in 
the trough of a wave. When the model experiences a maximum roll angle either in the trough or crest, the 
variation of buoyancy and roll restoring moment is significantly bigger. It can be seen in Figure 6.10 that the 
variation of buoyancy for the larger wave height is significant, especially for the case of H=0.1 m and a wave 
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Figure 6.10 Buoyancy variations of the model for different roll angles at wave heights of 0.05 and 0.1 m and wave frequencies (𝑓𝑤) 
from 0.57 to 0.69 Hz. 
In this study, the centre of floatation (𝐶𝐹) and the centre of buoyancy (𝐶𝐵) were calculated at each time step. 
The centre of floatation is the centre of instant waterplane area, while the centre of buoyancy is the centroid of 
the underwater volume. The magnitude of restoring moment (𝑀𝑅𝑒𝑠) is calculated by equation 6.22, where, 𝑀𝐶𝐹  
is the total moment around the centre of floatation, 𝑑1 and 𝑑2 are the distances between the centre of floatation 
and the centres of buoyancy and gravity (𝐶𝐺), respectively (see Figure 6.11). FB and W are buoyancy force and 
weight of the model. 
Re 1 2FC s B
M M F d W d= =  +                                                                                                                                         (6.22) 
The investigation of the dynamic responses of the model in waves was shown that the position of waves with 
respect to the model is one of the main reasons for the restoring moment variation. Figure 6.13 shows the 
position of free surface at both sides of the model for three different wave frequencies of 0.57, 0.63 and 0.69 
Hz. These figures were captured while the model was in the regions 2 and 3 marked in Figure 6.12. The red 
lines in Figure 6.13 show the free surface in calm water. The restoring moment for the different roll angles is 
calculated for the calm water by CFD simulations, and the results were equal to the results obtained from 
Maxsurf. At the wave frequency of 0.57 Hz with the larger roll angle (12.5 degrees), a part of buoyancy from 
the low side moves to the opposite side because of the wave profile. Therefore, the location of centre of 
buoyancy comes closer to the centre of gravity compared to the calm water condition. Hence, the magnitude of 
roll restoring moment is relatively smaller than the calm water condition for the same roll angle (Figure 6.14). 
In contrast, for the higher wave frequency (0.65 Hz), the buoyancy in the low side is greater; hence, the restoring 
moment is larger than the calm water condition. It can be seen in Figure 6.14 that the restoring moment is not 
zero at the zero roll angle due to the effect of the wave position (Figure 6.13). The magnitude of restoring 
moment recorded for region 3 is smaller than region 2 and the calm water condition. That is because, the 
buoyancy force is smaller and the distance between the centres of buoyancy and gravity is also smaller, as a 
result of wave position. The most prominent finding from the plots of  Figure 6.13 is that magnitude of restoring 
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in heave motion of the model and wave position. In light of above, the magnitude of roll restoring moment 
depends on the wave height and wave frequency, and can be larger and smaller than hydrostatic roll restoring 
moment. Hence, taking into account the hydrostatic restoring moment values in dynamic stability investigations 




Figure 6.11 Free body diagram for the roll restoring moment calculation   Figure 6.12 Zones for the roll angle variation versus time 
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Figure 6.14 Roll restoring moment variations for different roll angles at wave heights of 0.05 and 0.1 m and wave frequencies (𝑓𝑤) 
from 0.57 to 0.69 Hz. 
6.8 Concluding remarks 
Numerical and experimental simulations were carried out in beam sea conditions to study the motion 
characteristics and roll restoring moment variation at different waves heights and wave frequencies. It was 
observed that the model has larger motion characteristics close to the natural frequency of the model. At the 
small wave height (H=0.05), the motion characteristics measured for the wave crest and trough conditions 
showed the same behaviour as the wave has an identical crest and trough profiles. However, for the wave height 
of 0.1 m, the wave produces sharper crest and wider trough; hence, the roll amplitude measured in trough 
condition appeared larger. While, the amplitude of angular acceleration in a wave crest is greater due to larger 
angular velocity changes.  
It was found that the magnitude of restoring moment depends on the magnitude of buoyancy force and the 
location of the wave crest and trough. Therefore, the magnitude of restoring moment in a dynamic condition 
can be smaller or larger than the static condition. When the model is located in trough of a wave, the magnitude 
of buoyancy and the distance between the centre of gravity and centre of buoyancy are larger; thus, the 
magnitude of restoring moment appears larger than the condition where the model is in the crest.  
These findings contribute in several ways to our understanding of ship stability and provide a basis for 
considering dynamic behaviour in the operational limitations. Further research could usefully explore the 
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7 Chapter 7: Roll added mass moment of inertia and 
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Simulation of a ship’s roll motion through equation-based approaches requires restoring moment, added 
mass moment of inertia and roll damping coefficients to be known. Accurate estimation of these coefficients will 
enhance the prediction of ship roll response at a resonance condition. However, the magnitude of these 
coefficients in regular beam seas and close to a resonance condition is unknown. The present study adopts 
numerical and experimental simulations to investigate the effects of different wave heights and wave frequencies 
on ship motion characteristics. The motion characteristics results from numerical simulations are compared 
against experimental measurements and a good correlation is achieved. The restoring moment in dynamic 
conditions is calculated and compared to the hydrostatic restoring moment. The dynamic restoring moment is 
greater than hydrostatic restoring moment for some wave frequencies and smaller for other wave frequencies. 
The magnitude of roll damping and added mass moment of inertia coefficients is calculated at different wave 
heights and frequencies and the results yield that there is quite a nonlinear relationship between the roll 
hydrodynamic coefficients and roll motion characteristics.    
Keywords: Motion characteristics, Added mass moment of inertia Damping coefficient, Restoring moment, 
Resonance, CFD. 
 
7.1 Introduction  
Reducing the motions of a ship in a seaway is considered paramount in the ship design process. Roll motion 
is highly nonlinear and limiting its development reinforce the safety level and habitability. Calculating the 
nonlinear roll damping and added mass moment of inertia coefficients in real sea conditions are significant 
factors in the accurate prediction of roll motion. In the past, the most common approaches for estimating these 
coefficients are empirical formulas, model tests or using secondary data from the model tests. Potential theory-
based methods have also been used to assess ship motions. They can simulate a ship’s motions with reasonable 
accuracy, except for the roll motion. Because of overlooking the viscosity effects particularly at frequencies 
close to the roll natural frequency of a ship, where the ship might experience large roll motion. Since the 
magnitude of those coefficients are related to the viscous flow effects around the body, the experimental or 
numerical methods should be used to consider these effects. Due to this, recently the focus has changed towards 
experimental and numerical simulations, especially the use of CFD methods. The literature review consists of 
two sections including previous works on the calculation of roll damping and added mass moment of inertia.  
 
7.1.1 Damping calculation 
Na et al. (2002) carried out experimental simulations based on a harmonic force roll motion technique on a 
rectangular box with and without bilge keels. The bilge keel geometry was changed in terms of width and the 
attached angle to investigate the influences on the damping coefficient. Jung et al. (2005), used particle imaging 
velocimetry (PIV) to track the vortex and turbulence generation in roll motion of a box in beam waves. The rate 




intensity were related to the wave transmission. Fixing the box increases the turbulence intensity because the 
relative velocity around the box arises. It was observed that flow near the corner of the box is more turbulent 
due to separation. Yi-Hsiang et al. (2005) conducted a 2D CFD study to simulate the harmonic force roll motion 
of a FPSO section, with and without bilge keels. It was reported that added bilge keels at 45 degrees inclination 
increased the added mass moment of inertia and damping. While the amplitude of added mass moment of inertia 
remained unchanged with both horizontal and vertical bilge keels, the damping amplitude was larger with 
horizontal bilge keels. Yu and Kinnas (2009) employed a 2D incompressible Navier-Stokes solver to study the 
roll damping of a rounded bilge box with and without bilge keels, and additionally a sharp corner bilge box with 
and without a step at the bilge keels. The exciting moment was applied to the model free in roll motion. It was 
observed that adding bilge keel increased the amplitude of damping and the relation between the variation of 
roll moment and roll angle was nonlinear due to viscosity effects. To study the roll damping of a rectangular 
barge, Bangun et al. (2010) conducted a numerical simulation using 2D incompressible Navier-Stokes solver. 
The model was considered with and without bilge keels, where the width and angle of bilge keel were changed 
for 12 sets of tests. They concluded that the barge with a smaller bilge keel angle from the horizontal axis 
experienced larger roll damping. Thiagarajan and Braddock (2010) accomplished experimental and numerical 
studies of a FPSO model in a forced roll motion technique using 1:350 scaled ship model. The numerical 
simulations based on Free Surface Random Vortex Method (FSRVM) were in a good correlation with the 
experimental results. They concluded that the amplitude of damping is a function of roll angular velocity and 
the width of bilge keel. An equation was proposed based on the relation between damping ratio, width of the 
bilge keel and barge beam, considering few assumptions. Irkal et al. (2016) investigated the impact of different 
bilge keels on the roll damping using numerical and experimental simulations. They used PIV method for the 
experiments to measure the velocity field around the model during the free oscillation tests. They pointed out 
that the roll damping coefficient of the model in the bare hull condition is linear, whereas, the roll damping of 
the fully appended condition is strongly nonlinear. 
Avalos et al. (2014) performed a numerical simulation to study the roll decay of a FPSO with and without 
bilge keels, and the results were in agreement with the experiment. It was noticed that the size of the vortex is 
a function of the roll motion amplitude and width of the bilge keel. Wilson et al. (2006) used CFD method to 
simulate roll decay of a surface combatant with and without bilge keels in different Froude numbers. The 
calculated roll damping coefficients for low Froude number were in good agreement with experimental 
measurements, while the results of high Froude number had 20 % deviation. Yang et al. (2013) performed 
numerical simulations to compute the roll damping for both roll decay and forced rolling of DTMB 5512 and 
S60 hulls in different Froude numbers. They found that the roll amplitude and forward speed have more 
influence on roll damping compared to the frequency of excitation. Gao and Vassalos (2011) conducted 
numerical simulations for roll decay of DTMB 5415 in intact and damage condition. The model was equipped 
with bilge keels and the calculated roll damping was smaller than the model tests results. Begovic et al. (2015) 
carried out CFD simulations using STAR CCM+ to calculate the roll damping of DTMB 5415, using roll decay 




and found a reasonable accuracy. Mancini et al. (2018) carried out roll decay tests using numerical and 
experimental simulations to calculate the roll damping coefficients. For the numerical uncertainty analysis, the 
grid convergence index was used instead of the correlation factor method, because the solutions were not close 
to the asymptotic range. Zhou et al. (2015) performed numerical and model test measurements to compute the 
roll damping of four different ship models by using roll decay technique at Froude number of zero. The 
simulation results had a good correlation with the experimental measurements.  
To estimate the roll damping coefficient of a ship, the roll decay technique is not a suitable method for large 
roll motions, especially in forward speed. Harmonic excited roll motion (HERM) technique proposed by Blume 
(1979) can precisely calculate roll damping coefficient in the aforementioned conditions. This method is based 
on exciting the model at the resonance frequency. The main drawback of this technique is the long simulation 
time to measure the resonance frequency. Another disadvantage is the dependency of roll damping coefficient 
on maximum roll angle, metacentric height and heel angle. Each of these items should be recorded and could 
be subject to errors, as a result, the uncertainty of Blume’s method is high. Handschel and Abdel-Maksoud 
(2014) presented an improved HERM technique to estimate the damping coefficient for a range of frequencies 
very close to the resonance frequency. They measured the phase shift between the exciting moments and the 
roll angles for other than 90 degrees. The advantages of their method are twofold; the measuring time is reduced 
to the range of roll decay method, and no further modification for the test set up is required. Wassermann et al. 
(2016) conducted several model tests based on the roll decay and HERM technique to calculate the roll damping 
of a post panamax container ship model. They introduced different approaches for roll damping calculation 
without additional filtering, curve fitting, and offset manipulation for the recorded time series. Oliva-Remola et 
al. (2018) carried out the HERM technique by shifting a mass harmonically inside the model in the y-direction 
to excite the model, where masses were used to generate different roll angles. For the same roll angle, the 
calculated roll damping was smaller from HERM technique than the roll damping from roll decay tests. That is 
because, the roll damping is calculated when the roll angle reaches a steady condition in HERM technique, 
whereas the roll damping in the roll decay is calculated when the model is in a transient condition.  
Somayajula and Falzarano (2017a) introduced an advanced system of identification to estimate frequency 
dependent roll damping from results of experimental measurements in irregular waves. The proposed method 
predicted the roll motion of the model precisely in comparison to the potential flow and empirical methods. 
 
7.1.2 Added mass moment of inertia calculation 
Salvesen et al. (1970) utilised the strip theory method to calculate 2D sectional added mass in roll motion 
and then 2D sectional added mass was integrated over the length of the ship to compute the 3D added mass 
moment of inertia. To integrate the 2D sectional added mass over the length, Das et al. (2006) used applied 
Frank Close-Fit method. The magnitude of the roll added mass moment of inertia varies between 10-25 percent 
of the roll mass moment of inertia for displacement ships based on the potential flow approaches (Bikdash et 




Due to the limitations of strip theory in accounting the impact of viscosity and turbulent flow around a ship, 
especially in the roll motion, Subramanian (2012) applied an empirical correction to include the viscous effect. 
Jaouen et al. (2011) carried out CFD simulations on a ship hull section to consider the viscous effects. They 
submerged the model to remove the restoring moment, and calculated the roll added mass moment of inertia 
using Fourier series. Discusser et al. (2014) used Reynolds-averaged Navier-Stokes (RANS) method to capture 
the flow behaviours around the model for calculating the added mass. Judge (2010) conducted a series of model 
tests at different forced roll angles, forward speeds, and excitation frequencies. They observed that for a high 
range of frequencies, the variation of frequency has a negligible impact on the magnitude of roll added mass 
moment of inertia, while, the magnitude at a low range of frequencies depends on the frequency as well as 
forward speed. Judge and Judge (2013) calculated the roll added mass moment of inertia of a planning hull 
based on the forced roll oscillation and investigated the impact of the forward speed and roll amplitude. They 
observed that the magnitude of roll added mass moment of inertia is independent of the roll amplitude, whereas, 
increasing the forward speed reduces its magnitude. Bhattacharyya (Bhattacharyya, 1978) performed analytical 
and experimental simulations to estimate the roll added mass moment of inertia. He concluded that the roll 
added mass moment of inertia of a ship is about 20% of the roll mass moment of inertia. Kianejad et al. (2019b) 
and Kianejad et al. (2017) proposed a method based on the HERM technique to compute the roll added mass 
moment of inertia of a post panamax container ship using CFD simulations. They found that the magnitude of 
roll added mass moment of inertia coefficients of a bare hull model is smaller than the fully appended model, 
and the full-scale ship has a smaller added mass moment of inertia due to a smaller phase shift and angular 
acceleration. They also noticed that the magnitude of roll added mass moment of inertia depends on forward 
speed, roll angle, and excitation frequency. 
In light of the above, the roll damping and added mass moment of inertia are significant to precisely predict a 
ship motions at a range of frequencies close to the resonance frequency of a ship. While, the magnitude of these 
coefficients is unknown in waves conditions. In this study, CFD simulations and experimental measurements 
were performed in 35 cases in regular beam sea conditions to investigate the influence of five wave heights 
(0.025, 0.05, 0.075, 0.1 and 0.125 m) and seven wave frequencies which were close to the natural frequency of 
the model (from 0.57 to 0.69 Hz with intervals of .02 Hz) on roll motion characteristics. After validation of the 
CFD method against experimental model tests, the CFD simulations were used to compute the roll exciting and 
restoring moments as the calculation of their magnitudes were not feasible in experimental measurements. In 
the next step, the roll added mass moment of inertia and roll damping coefficients were calculated in different 
conditions. 
 
7.2 Model geometry 
Please refer to section 6.2.  
 
7.3 Experimental measurements   




7.4 Numerical modelling 
Please refer to section 6.3.  
 
7.4.1 Governing equations and physics modelling 
Please refer to section 6.4.1.  
 
7.4.2 Mesh structure and generation 
Please refer to section 6.4.2. 
 
7.4.3 Boundary and initial conditions 
Please refer to section 6.4.3.  
 
7.5 Experimental uncertainty 
Please refer to section 6.5.  
 
7.6 Numerical uncertainty analysis 
Please refer to section 6.6.  
 
7.7 Results and discussion 
The motion amplitudes predicted using CFD are compared to the experimental measurements for various 
wave heights and wave frequencies. The exciting moment and restoring moments are calculated and the latter 
is compared against the restoring moment corresponding to the hydrostatic condition. The non-dimensional roll 
damping and added mass moment of inertia are calculated when the model is located in crest and trough of a 
wave. In the following sections, the model is located in the crest and trough conditions reflect that the model is 
located in zones 1 and 2, respectively (Figure 7.1).    
 
Figure 7.1 Zones for the crest (1) and trough (2) conditions. 
7.7.1 Motion characteristics 
The motion characteristics of the ship model including roll angle, roll angular velocity, roll angular 




general, there is a good correlation between numerical and experimental results. For each one of the motion 
characteristics, two figures are presented where the left-hand figures are recorded when the model was in the 
trough of a wave and the right side for the crest condition. It is apparent that increasing the wave height increases 
the roll angle, however, the responses of the model to the different wave heights and wave frequencies are 
nonlinear. For the smaller wave heights of 0.025 and 0.050 m, increasing the wave frequency increases the roll 
angle to reach the maximum value at a wave frequency of 0.65 Hz which is very close to the natural frequency 
of the model, however, reduction in the roll angle is apparent beyond this wave frequency. At the larger wave 
heights of 0.1 and 0.125 m, increasing the wave frequency increases the roll angle and the maximum roll angle 
occurs at a frequency of 0.67 Hz and further increase of the wave frequency slightly decreases the roll angle. 
This is because the natural frequency of the model varies depends on the roll angle, and for the larger wave 
heights or roll angles, it shifts towards the larger magnitude (Kianejad et al., 2019b, H. Enshaei, 2018). The roll 
angular velocity and acceleration have the same trends as the roll angle. The maximum values occur at the 
resonance condition and their magnitudes decline at wave frequencies away from the resonance. The magnitude 
of roll angular velocity and acceleration is larger at a higher frequency for the same roll angle (at wave height 
0.025 and 0.050 m) due to larger excitation frequency. It was observed that the magnitudes of roll angles for the 
crest and trough conditions are the same at smaller wave heights, because the wave profile is the same for the 
crest and trough conditions (Figure 7.3). While for the larger wave heights, the wave crest is sharper and the 
wave trough is wider, there are roll angle differences between the trough and crest conditions, especially at 
higher wave frequencies. On the other hand, the magnitude of roll angular acceleration of the model at the crest 
condition is larger as the roll velocity changes are larger because of the sharper wave crest. The heave motion 
amplitude for the crest and trough conditions are almost the same. For the smaller wave heights, the model 
experiences slightly larger heave motion at a wave frequency of 0.65 Hz compared to the other wave 
frequencies. While, at larger wave heights, increasing the wave frequency increases the heave motion magnitude 





















Figure 7.2 Amplitude of roll angle, roll angular velocity, roll angular acceleration and heave motion of the experimental and 
numerical simulations at different wave heights (H=0.025 to 0.125 m) and frequencies (0.57 to 0.69 Hz) both for the trough (figures in 
















































































































































































Figure 7.3 Surface elevation time traces at two wave heights of 0.050 m and 0.125 m and a wave frequency of 0.65 Hz. 
7.7.2 Roll restoring moment calculation 
Please refer to section 6.7.2. 
 
7.7.3 Roll exciting moment calculation 
The exciting moments induced on the model from the waves are calculated by the following equation as can 
be seen in Figure 7.5, where, 𝐹𝐿 and d are the lateral force from the wave and its lever to the centre of floatation. 
2
.FC Exc L
M M F d= =                                                                                                                                                            (7.1) 
The magnitude of the exciting moments for various roll angles at different wave frequencies and a wave 
height of 0.1 m are shown in Figure 7.4. As the half cycle of a wave (trough to crest) was selected to investigate 
the roll exciting and restoring moments, the magnitude of exciting moment is positive and in the next cycle 
(crest to trough) is negative. The exciting moment has maximum value when the model has zero heave motion, 
because the slope of the free surface at the zero wave elevation is maximum. For the positive roll angles, the 
exciting moment contributes to increase the roll angle while for the negative roll angles it opposes the roll angle 
development. Increasing the wave height increases the variation and magnitude of exciting and restoring 
moments. As mentioned above, the magnitude of roll restoring moment varies at different wave heights and 
frequencies even for the same roll angle, thus, considering the restoring moment from hydrostatic calculation is 
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Figure 7.4 Heave motion, roll restoring, mass moment of inertia and roll exciting moments variations for various roll angles at a wave 
height of 0.1 m and different wave frequencies (𝑓𝑤). 
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7.7.4 Roll added mass moment of inertia coefficient 
The equation of rotational motions including roll in a body local system regarding the centre of gravity is 
(Kianejad et al., 2019a): 
p v
d
I I M M M
dt

 +  = = +                                                                                                                       (7.2)                                                                                                                                         
Where, I and   represent the tensor of mass moment of inertia and angular velocity of the model, M is the 
moment on the model and indices of p and v are the pressure and viscous parts. By restraining the model in 
sway and yaw motion, the magnitude of these motions was decreased, however, the model remains free in 6 
DOF and different motions influence on other motions. The focus of this study is calculation of the roll motion 
coefficients, hence, the 6 DOF equations of motion can be simplified into a 1 DOF equation as below where the 
hydrodynamic coefficients are still under the influence of the all motions.  
44 44 4 44 4 44 4 .44( ) ExcI I N S M   + + + =                                                                                                                             (7.3) 
In the equation above, 𝐼44 and 𝛿𝐼44 are the roll mass and added mass moment of inertia coefficients. 𝑁44 and 
𝑆44 represent the roll damping and restoring coefficients, respectively. It is known that there are linear and 
nonlinear relations between the hydrodynamic coefficients and roll motion characteristics as discussed in the 
next sections. The model reaches the steady-state condition after a couple of cycles and maintains the same 
amplitude of roll motion characteristics in the following cycles. The computation of roll motion coefficients 
was conducted for a couple of cycles which had the same amplitude of roll motion characteristics. When the 
model has maximum or minimum roll angle in the trough and crest of a wave, the angular velocity of the model 
is almost zero (the damping moment is negligible), and the roll added mass moment of inertia can be computed 
by equation 7.3 (Kianejad et al., 2019b) as the other moments including the exciting moment, restoring moment 
and roll mass moment of inertia are known over the simulation’s time (Figure 7.4). The magnitude of roll added 
mass moment of inertia coefficients at different wave heights and frequencies both for the trough (left hand) 
and crest (right hand) conditions are shown in Figure 7.6. It is made non-dimensional dividing by the roll mass 
moment of inertia. The magnitude of roll added mass moment of inertia coefficients for different wave heights 
at lower wave frequencies has smaller difference as the conditions are far from the resonance condition, while 
the differences increase at higher wave frequencies as the model at the larger wave heights experiences the 
resonance at higher frequencies. The coefficients at smaller wave heights and higher wave frequencies are larger 
because of the smaller induced acceleration, while, the magnitude of roll added mass moment of inertia moments 
at the larger wave heights are greater. The magnitude of roll added mass moment of inertia coefficients at lower 
wave frequencies are negative which implies that they act against the roll motion development. It is mainly 
because of the location of the model with respect to (Figure 7.4), where it has smaller heave motion and is far 
from the crest and trough. Hence, the rate of change of flow velocity (acceleration of the flow around the model) 
is larger than acceleration induced by the model and in the opposite direction of the model rolling direction as 




angle at the trough and crest conditions where the flow acceleration induced by the model is dominant as the 
flow velocity variation is small. The roll added mass moment of inertia coefficient at low wave frequencies for 
the model in trough and crest conditions have the same values. Whereas, for the larger wave heights and higher 
wave frequencies, the crest conditions have smaller values because of the larger acceleration (larger moment of 
roll mass moment of inertia).  
  
Figure 7.6 The non-dimensional roll added mass moment of inertia coefficient of the model at different wave heights (H) and wave 
frequencies both for the trough (figures in the left side) and crest (figures in the right side) conditions. 
 
 
Figure 7.7 Flow velocity contour around the model (at midsection) at a wave frequency of 0.65 Hz and a wave height of 0.1 m. 
 
7.7.5 Roll damping coefficient                                                             
The roll damping is calculated using equation 7.4 when the roll angle is small (the roll damping moment is 
maximum), and the corresponding restoring, exciting and virtual mass moment of inertia moments were 
calculated as explained in the previous sections. It was assumed in each case that there is a linear relationship 
between the roll damping coefficient and roll angular velocity, while it has been shown by several researchers 
that there are both linear and nonlinear relationships between them. Based on the method proposed by Oliva-
Remola et al. (2018) and Irkal et al. (2019), and using fitting curve functions the linear and nonlinear parts of 
the roll damping can be computed from the computed roll damping coefficient considering the linear 
relationship with the roll angular velocity. Regardless of the roll damping calculation technique, a polynomial 
expansion of the roll angle or roll angular velocity can be used to approximate the roll damping coefficient 
(Oliva-Remola et al., 2018) (including linear and nonlinear parts), which is not the focus of this study. The roll 
damping coefficient can be non-dimensional by equation 7.5 (Reed, 2011). The roll damping coefficients for 
various wave frequencies at various wave heights for the trough (left hand) and crest (right hand) conditions are 
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                                                                                                                                                     (7.5) 
It can be seen that there is a nonlinear correlation between the magnitude of roll damping and the wave height 
and wave frequency. Increasing the wave height increases the magnitude of roll damping both for the crest and 
trough conditions, however, the increase is different at different wave heights at each wave frequency. At 
smaller wave heights, increasing the wave frequency increases the roll damping to reach a peak and after that 
declines at higher wave frequencies. Since the condition moves away from resonance condition and roll motion 
decreases. In contrast, at larger wave heights where the higher wave frequencies are closer to the natural 
frequency of the model, increasing the wave frequency increase the magnitude of roll damping coefficients. The 
magnitude of roll damping at lower wave frequencies for both the trough and crest are almost the same, while 
at higher frequencies, the crest condition has large values due to greater excitation force due to the larger free 
surface slope. As above, the magnitude of hydrodynamic coefficients in regular beam sea conditions are 
different compared to the still water condition and this should be taken into account to improve ship roll motion 
prediction. 
  
Figure 7.8 The non-dimensional roll damping coefficient of the model at different wave heights (H) and wave frequencies both for the 
trough (figures in the left side) and crest (figures in the right side) conditions. 
7.8 Concluding remarks 
Numerical and experimental simulations were conducted in regular beam sea conditions to investigate the 
influence of wave height and frequency on ship motion characteristics and roll hydrodynamic coefficients. In 
general, increasing the wave height increases the roll motion while the model experiences the maximum roll 
motion around the resonance frequency. As at smaller wave heights, the motion characteristics are the same as 
the surface elevation both in trough and crest are the same. At higher wave heights, the wave has a wider trough 
and sharper crest, hence, the model remains more time in trough condition, so the induced roll angle is larger. 
On the other hand, the model has larger roll angular acceleration in crest condition due to larger rate of change 






























The magnitude of restoring moment in a dynamic condition can be either smaller or larger than the 
hydrostatic condition depending on the magnitude of buoyancy force and the position of the wave with respect 
to the model. The model has larger restoring moment when it is in a trough condition due to the larger buoyancy 
force and larger distance between the centres of buoyancy and gravity. At lower wave frequencies, the 
magnitude of restoring moment in dynamic condition is smaller than the hydrostatic condition, however, at 
higher wave frequencies, the magnitude of restoring moment in dynamic condition is larger. The exciting 
moment form waves on the model in one-half cycle is positive and turns into negative in the next half cycle, 
which has its maximum value at a surface elevation of zero due to maximum slope of the free surface.  
 The magnitude of roll added mass moment of inertia coefficient varies at different wave frequencies. At a 
low wave frequency, it has negative value which resists the roll motion because of the flow acceleration around 
the model is dominant and in the opposite direction of the model rolling motion. While, at higher wave 
frequencies, the coefficients are positive and contribute to the roll motion development. Although, the 
magnitude of roll added mass moment of inertia coefficients at different wave heights are the same at some 
frequencies, the magnitude of their moments around the resonance frequency and larger wave height are greater. 
It was observed that there is a nonlinear relationship between the magnitude of roll damping and wave height 
and frequency. The roll damping coefficient around the resonance frequency is larger than other frequencies 
and the magnitude of roll damping increases by increasing the wave height.  
The findings of this study demonstrate the importance of calculating roll added mass moment of inertia, roll 
damping, roll restoring moment and roll exciting moment using a dynamic approach in order to provide an 
































































Numerical and experimental simulations were conducted to compute the roll hydrodynamic coefficients for 
a post Panamax container ship and a bulk carrier, including added mass moment of inertia, damping, and 
restoring. In this regard, the influence of several effective parameters like excitation frequency, DOF, Froude 
number, appendages, and wave characteristics on the magnitude of hydrodynamic coefficients were investigated. 
It was observed that the CFD methods could be used to precisely compute the roll motion characterises and 
hydrodynamic coefficients. More importantly, investigating the impact of DOF is just feasible utilising CFD 
simulations, because, the motions of a model are coupled and have influence on other motions, and it is hard to 
restrain the model in experimental measurements. In addition, calculating the exciting and restoring moments 
in waves is possible by CFD, as in experiments the model should be restrained to calculate these moments. The 
key findings of this study are as follows: 
8.2 Key findings in calm water 
It was found that at the roll resonance condition, where the phase shift between the roll exciting moment and 
roll angle is close to 90 degrees, the model absorbs maximum energy from the exciting moment. While, the 
phase difference between the angular acceleration and roll angles is close to 180 degrees, where the total mass 
moment of inertia and restoring moment have the same magnitudes but acting in opposite directions to each 
other. It was fond that for the frequencies less than the resonance frequency, the phase shift between the 
exciting moment and the roll angle is less than 90 degrees and it reduces further as frequency decreases (Table 
2.8). On the other hand, for the frequencies higher than the resonance frequency, the phase shift is greater than 
90 degrees, and increases by increasing the excitation frequency. The phase difference between roll angle 
and angular acceleration for a low range of frequencies is less than 180 degrees, whereas it is larger than 180 
degrees for the higher frequencies investigated (Table 2.9). 
It was found that variations in the loading condition and weight distribution change the static ship stability 
significantly, while their effects on dynamic stability (maximum imposed roll angle) are smaller under the same 
external roll exciting moment. Changing the VCG by 1% changes the restoring moment from hydrostatic 
calculation and the maximum roll angle in dynamic condition by 20% and 9%, respectively. On the other hand, 
the variation of the roll moment of inertia by 5% for the same loading condition changes the maximum roll 
angle by about 7%, while the hydrostatic calculation fails to consider the effects of roll moment of inertia.  
It was observed that the non-dimensional roll added mass moment of inertia at model scale is larger than at 
full scale due to both larger phase shift and angular acceleration (Figure 3.13). A fully appended condition 
experiences a larger roll added mass moment of inertia coefficient, however, the moment of roll added mass 
moment of inertia for a bare hull model is larger than a fully appended hull because of both larger induced roll 
angle and acceleration. Increasing the Froude number and excitation frequency reduces the magnitude of roll 
added mass moment of inertia coefficient (Figure 3.12). It was also found that the roll added mass moment of 




the roll angle, the roll added mass moment of inertia coefficient increases, and approaches a peak value before 
declining with a further increase of the roll angle.  
The phase shift between the roll exciting moment and roll angle for the model-scale and full-scale decreases 
by increasing the DOF and Froude number (Figure 4.9). Whereas, the fully appended model experiences a larger 
phase shift than the bare hull model (Figure 4.4 to Figure 4.7). The phase shift at full-scale is smaller than at 
model-scale due to relatively lower impact from vorticity and viscous effect at the full-scale condition. It was 
found that adding appendages, decreasing the DOF and increasing the forward speed, decrease the roll motion. 
However, they increase the damping coefficients for both model-scale and full-scale (Figure 4.11 and Figure 
4.12). While comparing the full-scale condition to model-scale, the full-scale generates larger roll motion and 
smaller non-dimensional damping coefficients in all cases under the same equivalent roll exciting moment. That 
is because of viscous effects, which is the significant part of the total damping moment and has a lower impact 
at higher Reynolds number.  
The computed restoring moment in dynamic condition was larger than the static condition (Figure 5.8), 
especially for small roll angles, due to the angular velocity being at the highest value, where dynamic pressure 
adds up to the hydrostatic pressure. The appendages increase the pressure difference between two sides of the 
model by generating the vorticity, therefore, the restoring moment of the fully appended condition appears larger 
than the bare hull condition. Increasing DOF increases the magnitude of restoring moment, and the sway motion 
specifically has a greater contribution among other motions.  
 
8.3 Key findings in regular beam waves 
Increasing the wave height increases the roll motion, and the model experiences the maximum roll motion 
around the resonance frequency. It is known that at smaller wave heights, the motion characteristics are the 
same for both in trough and crest conditions (trough and crest mean when the model in located in a trough or 
crest of a wave as can be seen in Figure 6.6).  However, at higher wave heights, the wave has a wider trough 
and sharper crest, hence, the model remains in the trough condition for a longer period of time, so the induced 
roll angle is larger. On the other hand, the model has larger roll angular acceleration in the crest condition due 
to a larger rate of change of roll velocity.  
The magnitude of restoring moment in a dynamic condition can be either smaller or larger than the 
hydrostatic condition (Figure 6.14), depending on the magnitude of buoyancy force and the position of the wave 
with respect to the ship model. It became evident that the model has a larger restoring moment when it is in a 
trough condition due to a larger buoyancy force and a larger distance between the centres of buoyancy and 
gravity. For the lower wave frequencies investigated, the magnitude of restoring moment in the dynamic 
condition is smaller than the hydrostatic condition, and it is vice-versa towards the higher wave frequencies. It 
was observed that the wave exciting moment induced on the model in one-half cycle has positive values and 
turns into negative values in the following half cycle; and the maximum value is achieved when the model is at 




The magnitude of roll added mass moment of inertia coefficient varies at different wave frequencies (Figure 
7.6). At a low wave frequency, the coefficient has a negative value, which is interpreted as resisting the roll 
motion because the flow acceleration around the model is dominant and is in the opposite direction of the rolling 
motion. While, at higher wave frequencies, the coefficients are positive and contribute to the roll motion 
development. Although, the magnitude of roll added mass moment of inertia coefficients at different wave 
heights are the same for some frequencies, the magnitude of their moments around the resonance frequency and 
for the larger wave height is greater.  
It was observed that there is a nonlinear relationship between the magnitude of roll damping, and wave height 
and frequency. The roll damping coefficient around the resonance frequency is larger than other frequencies, 
and the magnitude of roll damping increases at the larger wave heights investigated (Figure 7.8).  
The findings demonstrate the importance of calculating roll hydrodynamic coefficients using a dynamic 
approach. This study introduced new approaches for accurate calculation of roll added mass moment of inertia, 
roll damping and roll restoring moments both in calm water and wave conditions considering the impacts of 
effective parameters. These approaches can be used to compute the roll hydrodynamic coefficients of other ship 
types and they are useful for ships’ designers and operators to develop an accurate equation-based method to 
predict a ship behaviour in real sea condition and to investigate dynamic stability of the ship.  
 
8.4 Suggestions for future works 
This study contributes in several ways to the understanding of ship stability and provides a basis for 
considering dynamic behaviour in operational conditions. This work can be extended by: 
• Further research can use the suggested methodology in this thesis to explore the sensitivity of different 
hull forms to variation of the roll resorting and exciting moments as well as the roll added mass moment 
of inertia and roll damping moment. 
• Calculation of the roll hydrodynamic coefficients in irregular waves through experimental and 
numerical simulations can be investigated. 
• Numerical investigation of scale effects on the magnitude of roll hydrodynamic coefficients in regular 
and irregular waves can be investigated.  
• Developing mathematical models to predict the roll motion in regular and irregular waves considering 
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